Uncontrolled mucosal immunity in the gastrointestinal tract of humans results in chronic inflammatory bowel disease (IBD), such as Crohn disease and ulcerative colitis. In early clinical trials as well as in animal models, IL-12 has been implicated as a major mediator of these diseases based on the ability of anti-p40 mAb treatment to reverse intestinal inflammation. The cytokine IL-23 shares the same p40 subunit with IL-12, and the anti-p40 mAbs used in human and mouse IBD studies neutralized the activities of both IL-12 and IL-23. IL-10-deficient mice spontaneously develop enterocolitis. To determine how IL-23 contributes to intestinal inflammation, we studied the disease susceptibility in the absence of either IL-23 or IL-12 in this model, as well as the ability of recombinant IL-23 to exacerbate IBD induced by T cell transfer. Our study shows that in these models, IL-23 is essential for manifestation of chronic intestinal inflammation, whereas IL-12 is not. A critical target of IL-23 is a unique subset of tissue-homing memory T cells, which are specifically activated by IL-23 to produce the proinflammatory mediators IL-17 and IL-6. This pathway may be responsible for chronic intestinal inflammation as well as other chronic autoimmune inflammatory diseases.
Introduction
When mucosal immunity is not countered by antiinflammatory mediators (e.g., IL-10 or TGF-b), excessive proinflammatory responses result in chronic inflammatory bowel disease (IBD) (1) . To investigate the mechanism(s) responsible for IBD, we have studied 2 murine models: (a) IL-10-KO mice, which spontaneously develop enterocolitis (2) resembling Crohn disease and (b) lymphocyte-deficient Rag-KO mice, which develop colitis after reconstitution with CD4 + T cells from IL-10-KO mice (3, 4) . The intestinal disease that occurs in these models is initiated by the excessive generation of IFN-g-producing T cells (Th1) driven by IL-12 produced by antigenpresenting cells. Thus, early treatment with anti-IFN-g mAb (2, 4) or anti-IL-12(p40) mAb prevented disease (4) . In contrast, treatment with anti-IL-12(p40) mAb, but not anti-IFN-g mAb, reversed ongoing disease in both of our models (4) and in a chemically induced colitis model (5) . Based on these outcomes, it was concluded that IL-12 might play a role in colitis independent of its ability to generate IFN-gproducing T cells. However, recent studies have indicated that IL-23, which, like IL-12, is produced by antigen-presenting cells, and is also inhibited by anti-p40 mAb, regulates autoimmune-inflammatory processes in several mouse disease models (6) (7) (8) . Support for a significant role of p40-containing cytokines (IL-12 and/or IL-23) in the pathogenesis of human disease comes from 2 early clinical trials (on Crohn disease and psoriasis) using p40-specific human mAbs (9, 10) . In both trials, administration of anti-p40 resulted in improved clinical disease, but it was not clear whether this was due to neutralization of IL-12 or IL-23. To define the role of IL-12 versus IL-23 in chronic intestinal inflammation, we have conducted studies using IL-10-deficient mice to measure the individual contributions of these related cytokines.
Results

IL-12p35 × IL-10-KO but not IL-23p19 × IL-10-KO mice develop spontaneous IBD.
To determine the relative contributions of IL-12 and IL-23 in IBD, we backcrossed IL-10-KO mice with mice lacking only IL-12 (p35 -/-) or only IL-23 (p19 -/-). As observed previously, IL-10-KO mice developed colitis by 3 months of age (2) . At 12 months, half of the IL-10-KO colony had wasted and died, and 100% of the survivors exhibited severe colitis ( Figure 1 , A and lower panel of C). Similarly to the IL-10-deficient animals, IL-12p35 × IL-10-KO mice developed signs of colitis, including diarrhea and rectal prolapse as early as 7 weeks of age. Histological evaluation of colons from these animals at 3 months of age revealed marked intestinal inflammation, ruling out that IL-12 is required for the development of spontaneous IBD in IL-10-deficient animals ( Figure 1B) . However, when IL-10-KO mice were backcrossed with p19-KO mice, the IL-10 × p19-double-KO mice were still disease free at 12 months of age ( Figure 1 , A and upper panel of C). This result suggested that IL-23, but not IL-12, is required for the manifestation of chronic intestinal inflammation. CD4 + T cells from IL-10 × p19-KO mice still produced large amounts of IFN-g, indicating that IL-10 × p19-KO mice are not impaired in their ability to generate a Th1 cell response (Figure 2A ). The level of IFN-g produced by CD4 + T cells from IL-10 × p19-KO mice consistently appeared increased over that of the IL-10-KO CD4 + T cells, suggesting an enhanced Th1 response in IL-10 × p19-KO mice. In contrast, CD4 + T cells from IL-10 × p35-KO mice showed reduced levels of IFN-g ( Figure 2B ) Similar results were recently seen in the pathogenesis of 2 other chronic inflammatory autoimmune diseases, EAE and collagen-induced arthritis (CIA). In both diseases, Th1 responses developed normally in the absence of IL-23, but disease manifestation required the presence of IL-23.
Recombinant IL-23 accelerates T cell transfer colitis. To assess how IL-23 may be enhancing IBD, we performed studies in a T cell transfer model of colitis. The recipients of passively transferred T cells were Rag-KO mice, which are devoid of mature T and B cells. They normally develop colitis 10-12 weeks after reconstitution with either naive T cells (CD4 + CD45RB high ) or with memory T cells (CD4 + CD45RB low ) from diseased IL-10-KO mice (3, 4) . However, recipients that were treated daily with IL-23 developed colitis after only 4 weeks ( Figure 3A) . The accelerated onset of colitis occurred regardless of whether IL-23-treated Rag-KO mice were reconstituted with naive or memory CD4 + T cells. IL-23 treatment also led to splenomegaly and a blood neutrophilia (4,800 ± 800/mm 3 of blood), whereas saline-treated controls still had normal spleens and baseline neutrophil counts (1,500 ± 200/mm 3 of blood). The mesenteric LNs of IL-23-treated recipients contained greatly expanded numbers of CD4 + T cells and CD11b -CDllc + F4/80 -DCs ( Figure 3B ). Continuous infusions with IL-23 did not result in colitis in unreconstituted Rag-KO mice.
IL-23 promotes memory-activated T cell production of IL-6 and IL-17. In order to better define the actions of IL-23, gene expression studies were performed to investigate the mechanism by which IL-23 induces colitis using the T cell transfer model. For the gene expression analysis, gene-specific primers were used in TaqMan quantitative RT-PCR to detect the modulation of chemokines, cytokines, and cell-associated activation molecules. Gene expression of colon samples from recipients treated for 4 weeks with IL-23 (colitis) was compared with that of saline-treated controls (no colitis) and naive controls (no cell transfer). Many genes were upregulated following IL-23 treatment, which signified the influx of activated inflammatory macrophages (i.e., IL-1b, TNF-a, NOS-2) and granulocytes (i.e., myeloperoxidase, 12-lipoxygenase) (data not shown). In addition, increased expression of monocyte chemoattractant protein-1 and monokine induced by IFN-g ( Figure 4A ) as well as MMP-7 and MMP-12 (data not shown) may contribute to digestion of basement membranes and matrix proteins and the migration of cells into the mucosa. We also found that IL-23 treatment increased gene expression specific to T cells (CD3 e chain; Figure 4A ), confirming the rapid infiltration of colons by donor CD4 + T cells. Early T cell engraftment was accompanied by increased gene expression for IFN-g, which had already been linked to colitis in this model (2-4, 11) . In addition, IL-23 treatment also resulted in increased IL-17 gene expression ( Figure 4A ).
Although IFN-g can be made by accessory cells and T cells, IL-17 is predominantly made by T cells (12) . Previous studies have shown that IL-17 is produced preferentially by human and murine T cells with a memory/activated phenotype (13, 14) . To further examine the role of IL-23 in activation of memory T cells, sorted CD4 + CD45RB low memory T cells from IL-10-KO mice were assessed for cytokine gene expression following stimulation in the presence or absence of IL-23. As shown in Figure 4B , the mRNA levels of TNF and IFN-g were unchanged by IL-23. In contrast, IL-17 gene expression was elevated by IL-23. In parallel experiments (data not shown), it was found that IL-23 had no effect on gene expression by naive T cells, consistent with their failure to express the IL-23 receptor (15) . In addition to elevation of IL-17 gene expression, IL-23 also strongly induced gene expression of IL-6 ( Figure 4B ).
Memory T cells from WT and mutant mice were then assayed for cytokine secretion using ELISA. In the presence of plate-bound anti-CD3 mAb, IL-23 specifically stimulated increased IL-17 production ( Figure 5A ). The highest level of IL-17 was induced by IL-23 in cells from IL-10-KO mice. IL-17 was also produced by cells from IL-10 × p19-KO mice but was very low in cells from WT and p19-KO Heightened IL-6 (19) and IL-17 levels (20) could be detected in both serum and intestinal tissue from patients with Crohn disease. Blocking the IL-6 signaling pathway prevented the development of T cell-mediated murine colitis (16, 17) . Furthermore, several potent proinflammatory factors such as IL-1, TNF, as well as IL-6 are downstream mediators of IL-17 (21) . In order to address whether IL-23 induction of IL-6 and IL-17 production plays a role in the pathogenesis of bowel inflammation, we cotreated T cell-restored recipient mice with IL-23 as well as Abs that neutralize IL-6, IL-17, or both cytokines. Isotype control Ab-treated mice developed enterocolitis (path score = 10) 6 weeks after treatment, while the single Ab-treated groups (anti-IL-6: 6.5 and anti-IL-17: 6) developed an attenuated intestinal inflammation ( Figure 6 ). More importantly, anti-IL-6 and anti-IL-17 combination therapy significantly ameliorated the severity of intestinal inflammation induced by IL-23. Taken together, these results suggest that IL-23 promotes development and expansion of a pathogenic IL-6/IL-17-producing memory-activated T cell population that can trigger the inflammatory cascade leading to intestinal inflammation.
Discussion
Our studies with IL-23-deficient mice show that IL-23 is essential for the manifestation of intestinal inflammation. This is consistent with the recently described dominant role for IL-23 in both CNS and joint autoimmune inflammation (6, 7). Together these findings point to IL-23, but not IL-12, as the necessary mediator of organ-specific autoimmune diseases. Although IL-23 and IL-12 share structural homologies, they have very distinct biological activities. The first striking difference between IL-23 and IL-12 is that IL-23 specifically stimulates memory CD4 + T cells, whereas IL-12 is a potent stimulant for naive CD4 + T cells (22, 23) . The selective activation of memory T cells by IL-23 is especially relevant to tissue inflammation. Memory T cells are well known for their tissue-homing properties. In the case of our IBD models, memory CD4 + T cells constitute 60-80% of the T cells found in the intestines of mice with colitis (3). Furthermore, reconstitution of immunodeficient SCID or Rag-KO mice with naive CD4 + T cells rapidly leads to the selective expansion and intestinal engraftment of donor T cells expressing a memory phenotype (24) . Lamina propria DCs, particularly in the distal end of the small intestine and driven by the intestinal flora, were recently described as constitutively expressing IL-23, suggesting a predisposition of this part of the small intestine to initiate chronic inflammatory responses through IL-23 (25) . Interestingly, the constitutive expression of IL-23 in this part of the small intestine was accompanied by a peak in IL-17 expression.
A second important difference is that IL-23, unlike IL-12, induces the production of IL-17 by a unique subset of memory T cells. Therefore, IL-23 regulates a highly potent T cell-derived cytokine that has broad actions on the immune system. IL-17 is known to stimulate fibroblasts, endothelial cells, macrophages, and epithelial cells to secrete multiple proinflammatory mediators (i.e., IL-1, IL-6, TNF, NOS-2, metalloproteases, and chemokines) (14) . Importantly, in vivo studies have indicated that the local production of IL-17 may cause a site-specific influx and activation of inflammatory cells. In mice, IL-17 administered into the peritoneal cavity elicited peritonitis (26) , and intratracheal administration elicited lung inflammation (27, 28) . IL-17 has been identified in the synovial fluids of patients with rheumatoid arthritis (29, 30) and Lyme disease (31) . T cells isolated from the inflamed joints of patients with Lyme disease contained a subset of IL-17-producing T cells that were distinct from those producing IL-4 or IFN-g. This pattern is similar to what we observed with memory T cells isolated from mice with colitis. It is also similar to the observations by Murphy et al. in a model of collagen-induced arthritis using IL-23-deficient mice (7) . Resistance to the development of joint and bone pathology in these mice correlated with an absence of IL-17-producing CD4 + T cells despite normal induction of collagen-specific, IFN-g-producing Th1 cells. In separate studies, it was shown that either neutralizing Th1 responses by anti-p40 mAb (32-34) or blocking IL-17 (35) led to diminished chronic joint inflammation in mice. The connection between these 2 successful treatments was not understood, since IL-17 is not associated with "classical" Th1 cytokine responses (36) . Given the data presented here, it is not surprising that both treatments were protective. A similar unique CD4 T cell activation state characterized by the production of IL-17 in response to IL-23 has recently been observed by Aggarwal et al. (37) . Our results show that CD4 + T cells from IL-10 × p19-KO mice still produce high levels of IFN-g. If anything, the level of IFN-g produced by cells from these mice appears to be somewhat higher, suggesting an increased Th1 response in these animals in the absence of IL-23, although other Th1 cytokines were largely unchanged. In contrast, CD4 + T cells from IL-10 × p35-KO mice showed reduced production of IFN-g. Since the production of IFN-g is highly dependent on the presence of IL-12, this result was not unexpected. However, despite the reduced level of IFN-g, these animals develop colitis very early, while the IL-10 × p19-KO mice remain resistant to colitis development.
Since our studies were conducted in IL-10-deficient mice and employed cells in the transfer colitis model obtained from IL-10-deficient mice, one could question whether similar results would be obtained in mice with normal IL-10 levels. The absence of IL-10-related regulatory effects could account for the increased disease proclivity in these mice. In this context, it is interesting to note that there was increased IL-17 production in IL-10-deficient mice as compared with WT mice ( Figure 5A ). It is possible that in the presence of normal IL-10 levels, IL-23-mediated inflammation alone would not be sufficient to support mucosal inflammation and would require additional inflammatory signals such as those mediated by IL-12. Several recent EAE and CIA studies, representing commonly used models of chronic inflammation and autoimmunity, have shown that mice deficient in IL-23, but with otherwise normal expression of IL-10, are protected from disease (6) (7) (8) , making it less likely that our results are only relevant in the absence of IL-10.
Very recently, Langrish et al. (8) have identified a pathogenic IL-23-dependent T cell population that is essential for the establishment of organ-specific inflammation associated with autoimmunity. This Th IL-17 population, characterized by the production of IL-17, IL-6, and TNF, can be distinguished from IL-12-driven T cells with respect to the expression pattern of proinflammatory cytokines and other factors. Furthermore, transfer studies showed that these IL-23-dependent Th IL-17 CD4 + T cells, but not IL-12-dependent Th1 CD4 + T cells, are essential for the establishment of inflammation associated with CNS autoimmunity. The data presented here are strikingly similar. CD4 + CD45RB low memory T cells isolated from IL-10-KO mice produce IL-6 and IL-17 following stimulation in the presence of IL-23. These cells also produce TNF, but this cytokine is induced in response to both IL-23 and IL-12, suggesting that TNF may play a role in both IL-12-and IL-23-linked immune responses. A similar result was obtained after in vitro stimulation of Th IL-17 and Th1 CD4 + T cells (8) . In addition to IL-17, the production of IL-6 by these CD4 + CD45RB low memory T cells is also uniquely dependent on the presence of IL-23. Langrish et al. (8) speculate that IL-6 produced by the pathogenic Th IL-17 CD4 + T cells may in fact inhibit the action of regulatory T cell function, allowing effector T cell activation (38) . Although the data presented here do not address that question, it is evident that neutralization of IL-6 has a beneficial effect on the IL-23-induced intestinal inflammation. The significant amelioration of disease observed with combined anti-IL-6 and anti-IL-17 treatment demonstrates that the action of IL-6 and IL-17, both produced by this pathogenic T cell population, is not redundant and that these 2 inflammatory mediators are to a large extent responsible for the IL-23-driven intestinal inflammation. It is interesting to note that a small number of IL-17-staining T cells remain in IL-10 × p19-KO mice. Similarly, Aggarwal et al. also noted that not all IL-17 production is abrogated in the absence of IL-23 (37) .
Although we find that memory CD4 + T cells are a critical target of IL-23 in the development of chronic intestinal inflammation, it is likely not the only cell population that responds to IL-23. In CNS autoimmune inflammation, IL-23 was found to act more broadly as an end-stage effector cytokine through direct actions on macrophages in addition to its effect on memory CD4 + T cells (6, 7). Other studies have identified DCs as a potential target cell
Figure 6
Blocking IL-6 and IL-17 significantly reduced the intestinal inflammation, by 50%. Recipient mice were dosed i.p. with isotype, anti-IL-6, anti-IL-17, or anti-IL-6 plus anti-IL-17 Abs (2 mg/mouse) a day prior to T cell reconstitution. Rag-KO mice were reconstituted with sorted splenic CD4 + CD45RB hi (naive) T cells (5 × 10 5 cells/mouse) from diseased IL-10-KO mice and treated daily with 1 mg/mouse IL-23 protein.
Subsequent rounds of Ab were administered weekly for 6 weeks. The graph shows the path scores from 2 independent but identical experiments. The disease scores for each group were obtained as previously described (41) . Horizontal bars represent the median value for each group. **P < 0.05, compared with isotype Ab (unpaired Student's t test). Histologic examination was performed and scored using formalin-fixed tissue sections stained with H&E, as previously described (40) .
population for IL-23 (39) . The relative contributions of these cell subsets with respect to IL-23 and disease pathogenesis have not yet been determined.
Our data provide evidence that the activation of tissue-homing memory T cells by IL-23 is responsible for chronic intestinal inflammatory disease. We show that this cytokine induces a distinct T cell activation state that is characterized by the production of several proinflammatory cytokines, including IL-17 and IL-6, but not IFN-g. A similar IL-23-responsive, IL-17/IL-6/TNF-producing activated memory T cell subset is essential in the pathogenesis of other chronic autoimmune diseases, highlighting the importance of this novel pathway in chronic autoimmune inflammatory disease. This is even more relevant, since recent clinical trials demonstrate improved clinical disease after treatment with anti-p40 Abs (9, 10) . Since these anti-p40 Abs neutralize both IL-12 and IL-23, it is not clear whether the therapeutic effects are due to neutralization of IL-12 or IL-23. Our data identify IL-23 as the relevant target in colitis. Histopathology. Histologic examination of colons from IBD experiments was performed by a veterinary pathologist using formalin-fixed tissue sections stained with H&E, as previously described (40) .
Methods
T cell reconstitution of Rag-KO mice. Splenic T cells from IL-10-KO donors were enriched by red cell lysis and magnetic bead depletion using lineage-specific mAb supernatants B220 (B cells), 8C5 (neutrophils), Mac-1 (macrophages), Ter 119 (erythrocytes), and anti-CD8 (BD Biosciences -Pharmingen). Stained cells were removed in a magnetic field using goat anti-rat IgG (Fc)-and anti-rat IgG (H + L)-coated magnetic beads (Perseptive Diagnostics). The remaining cells were stained with CD4-PE and CD45RB-FITC (BD Biosciences -Pharmingen) for sorting on a FACSVantage SE (BD). 5 × 10 5 CD4 + CD45RB high (naive) T cells or CD4 + CD45RB low (memory) T cells were injected i.p. into Rag-KO recipients. Recipients were injected i.p. daily with 1 mg purified mouse IL-23 (22) .
Cytokine and proliferation assays. FACS-purified CD4 + CD45RB low T cells from the spleen (2 × 10 5 /ml; >95% purity) were cultured on CD3-coated plates in medium supplemented with 50 ng/ml IL-12 (R&D Systems) or 50 ng/ml IL-23. Supernatants were collected after 96 hours and assayed for IL-4, IFN-g (Ab pairs from BD Biosciences -Pharmingen), and IL-17 by ELISA kit (R&D Systems) according to the manufacture's directions. For IFN-g assay, CD4 + splenocytes were purified using CD4-specific magnetic beads on an automated magnetic cell sorter (Miltenyi Biotec) following the manufacturer's instructions. Cells were cultured for 72 hours with 1 mg/ml anti-CD28 (BD Biosciences -Pharmingen) on anti-CD3-coated plates. IFN-g was assessed in supernatants by fluorescent bead array using IFN-g-specific beads (Upstate USA Inc.) on a Luminex 100 analyzer instrument (Luminex Corp.) according to the manufacturer's recommendation. For proliferation assays, T cells were cultured on anti-CD3-coated plates supplemented with IL-2 or with IL-23 and neutralizing anti-IL-2 mAb. Cell cultures were pulsed after 96 hours with 1 mCi [ 3 H]thymidine per well for 24 hours. Incorporation was measured by liquid scintillation spectroscopy, and data are expressed as mean counts per minute of triplicate wells. DCs were obtained from spleens of Rag-KO mice by depleting macrophages (F4/80) and erythrocytes by magnetic bead depletion as described above. The remaining cells were stained with anti-I-A, anti-CDllc, and anti-Mac-1 mAbs and sorted to greater than 95% purity. Cells were cultured with LPS (10 mg/ml) and/or IL-23 (50 ng/ml). Cell supernatants were harvested after 72 hours and assayed by ELISA. For intracellular cytokine analysis, memory CD4 + T cells were stimulated with PMA and ionomycin for 4 hours. Brefeldin A (EPICENTRE Biotechnologies) was adding during the last 2 hours of stimulation. Cells were harvested, fixed in 4% formaldehyde, permeabilized with 0.1% saponin, and then stained with FITC-or PE-conjugated anti-cytokine or isotype control mAb (BD Biosciences -Pharmingen). Cells were analyzed using a FACSCalibur and CellQuest software (BD).
RNA expression analysis. Total RNA was prepared from frozen colon tissue samples or from activated CD4 + CD45RB low T cells using RNeasy kit (QIAGEN) according to the manufacturer's protocols. Total RNA (5 mg) was treated with DNAse I (Ambion Inc.) to remove contaminating genomic DNA, then reverse transcribed with Superscript II reverse transcriptase (Invitrogen Corp.) with oligo p(DT)15 (Roche Applied Science) and random hexamers (Promega), according to the manufacturer's protocol. Gene expression levels were determined by real-time quantitative PCR using an ABI 5700 sequence detector system (Applied Biosystems) and SYBR Green PCR Master Mix according to the manufacturer's instructions (Applied Biosystems). Primers were designed to ensure no cross-reactivity with other genes and, where possible, were designed to span intron/exon boundaries. PCR amplification of the housekeeping gene ubiquitin was performed for each sample to control for loading and to allow normalization between samples. Both water and genomic DNA controls were included to ensure specificity. Each data point was evaluated for integrity by analysis of the amplification plot and dissociation curves. Data normalized to ubiquitin were then compared and expressed as the fold induction of gene expression in treated samples versus control samples.
In vivo administration of mAbs. Rag-KO recipient mice were injected i.p. with 2 mg/mouse of isotype control (rat IgG1 GL113), anti-IL-17 (rat anti-mIL-17 IgG1 18H10), anti-IL-6 (rat anti-mIL-6 IgG1 MP5-20F3), or anti-IL-6 and anti-IL-17 combination mAb 1 day prior to naive IL-10-KO T cell reconstitution. Following T cell reconstitution, mice were dosed i.p. with 1 mg/mouse IL-23 protein daily and 2 mg/mouse total Ab weekly for 6 weeks. The health of mice was monitored daily to observe any gross signs of colitis (wasting and diarrhea).
Statistics. Unpaired Student's t test was used to analyze data. Differences were considered significant at P < 0.05.
